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Why	  p(d)+A	  collisions?	  

p+p measurements A+A measurements d+A measurements 

Baseline	
    probe CNM effects probe HNM+CNM effects 
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A very exciting time to talk about p(d)+A collisions 

QM 2012 
Not enough particles to 
have collective behavior, 
control experiment  

QM 2014 
Are we sure? 



Mo6va6on	  
Understand cold nuclear matter effects in order to disentangle hot 
nuclear (QGP related) effects in A+A collisions. 
 
Cold nuclear matter effects: 
Ø  Nuclear PDF: Gluon PDF in nucleus ≠ nucleon PDF 

§  Varies with x,Q2.	  
§  Nuclear PDFs available: EPS09, EPS09s, 
      EKS98, nDSg and others.  
 
 

Ø  Cronin: Multiple scattering of the incoming parton on the 
nucleus. 

Ø  Energy loss: Medium induced gluon radiation modifies the 
initial state gluon kinematics. 
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Nuclear shadowing 16

realizations [94, 95, 96] differ in the initial conditions, in the consideration of impact

parameter, and in the treatment of large-size dipoles and of the evolution for not very

small x. They turn out to give results which may vary as much as a factor 10 for

x ∼ 10−7. Predictions for heavy flavour production also exist [95, 97].

The saturation scale computed within BK evolution behaves like Q2
s ∝ x−dαs , with

d = 4 ÷ 5. Its dependence on the nuclear size is not yet fully determined; in the
most widely employed approximation valid for a very large nucleus, the A-dependence

follows that of the initial conditions, usually ∝ A1/3. Besides, running coupling effects

modify both dependencies dramatically [93]. The saturation scale can also be studied

within phenomenological approaches [41, 67, 89, 90, 91]. For example, a value for

the saturation scale can be obtained from Glauber approaches (11) as the value of Q2

for which the effect of the exponential factor in this equation becomes sizable (other
geometrical criteria have also been essayed, like percolation [98]). Values extracted from

this kind of studies are Q2
s ∼ Aδ(x/0.01)−0.3 GeV2, with δ ! 1/3.

Finally, other approach to the problem considers power-suppressed corrections∥
in 1/Q. Such power-suppressed contributions are enhanced by the nuclear size. The

first power-suppressed correction to DGLAP evolution [50, 51] results in a non-linear

equation. From the equality of the linear and non-linear terms, a value for the saturation
scale can be extracted [17] which results in rough agreement with the estimations

previously discussed, see the solid black lines in Fig. 3 [17]. More recently, such

power-suppressed contributions have been re-summed [54] in the high-energy eikonal

limit, resulting in a rescaling of the x variable whose results reasonably describe the

experimental data, see Fig. 11. Besides they are in agreement with available data on

the nuclear effects on the longitudinal to transverse cross sections [100]. Also more

phenomenological studies [55] are in agreement with the experimental data.

3. Models based on DGLAP evolution

Another type of models do not try to address the origin of nuclear shadowing (or of

modifications of parton densities in nuclei in general) but to study the Q2-evolution of

nuclear ratios of parton densities,

RA
i (x, Q2) =

fA
i (x, Q2)

A fnucleon
i (x, Q2)

, fi = q, q̄, g, (18)

through the DGLAP evolution equations [25, 26, 27], see also [3]. From the very first

attempts [101], several analysis have appeared [46, 47, 99, 102, 103, 104, 105, 106]. They

try to perform for the nuclear case the same program developed for the nucleon: Nuclear
ratios are parametrized at some value Q2

0 ∼ 1÷ 2 GeV2 which is assumed large enough

for perturbative DGLAP evolution to be applied reliably. These initial parametrizations

for every parton density have to cover the full x range 0 < x < 1. In the nuclear case,

∥ The high-density QCD approach does not correspond to a fixed order in the power expansion but
re-sums, in some limit, all power-suppressed contributions.
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Figure 1. An illustration of the fit function RA
i (x) and the role of the parameters xa, xe, y0, ya,

and ye.

xa and xe, eliminates 6 out of the 13 parameters. The remaining ones are expressed in

terms of the following 6 parameters with obvious interpretations:

y0 Height to which shadowing levels as x → 0

xa, ya Position and height of the antishadowing maximum

xe, ye Position and height of the EMC minimum

β Slope factor in the Fermi-motion part,

the remaining parameter c0 is fixed to c0 = 2ye. The roles of these parameters are illustrated

in figure 1 which also roughly indicates which x-regions are meant by the commonly used

terms: shadowing, antishadowing, EMC-effect, and Fermi-motion.

The A-dependence of the fit parameters is assumed to follow a power law

dA
i = dAref

i

(

A

Aref

) pdi

, (2.5)

where di = xa, ya . . ., and where the reference nucleus is Carbon, Aref = 12.

The baryon number and momentum sum rules eliminate y0 and py0 for valence quarks

and gluons, leaving us with 32 free parameters. This is still way too large number of

parameters to be determined only by the data — further assumptions (based on prior

experience) are needed to decide which parameters can truly be deduced from the data

and which can be taken as fixed.

2.3 Experimental input and cross-sections

The main body of the data in our analysis consists of ℓ + A DIS measurements. We also

utilize the DY dilepton production data from fixed target p+A collisions at Fermilab and

inclusive neutral-pion production data measured in d+Au and p+p collisions at RHIC.1

Table 1 lists the sets included in our analysis and figure 2 displays their kinematical reach

1In contrast to our previous analysis [4], we do not include the BRAHMS forward rapidity charged

hadron d+Au data here. These data will be separately discussed in section 4.
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Mo6va6on	  (contd..)	  
Ø  Nuclear absorption (Quarkonia specific): Due to size of q-qbar 

bound state, break up due to interactions in nucleus. 
Ø Depends on the nuclear crossing time  
     at the kinematic domain. 
 

Ø  Possibly more.. 
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Note:  
Ø Gluon shadowing affects the underlying heavy flavor yield. 
Ø Absorption reduces the fraction of heavy quarks forming 

bound quarkonium. 



What can we do in PHENIX? 
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PHENIX	  
v  PHENIX recorded d+Au collisions in 2003 and higher 

statistics in 2008. 
v  Quarkonia measured:  

–  Central Arms: J/ψ, ψ’, ϒ, χc 
–  Muon Arms: J/ψ, ψ’, ϒ 

v  Wide x coverage: 
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PRC72, 031901(2005) 



J/ψ suppression	  in d+Au 

y	


Geometry integrated EPS09 is in 
agreement with MB centrality 
integrated data. 

Ø   (Solid Red curves) A reasonable 
aggreement with EPS09 nPDF + 
σbr = 4 mb  for central collisions 
but not peripheral.	


Ø  (Dashed green line) CGC 
calculations. (Nucl. Phys. A 
770(2006) 40)	
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d+Au	
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PRL 107, 142301 (2011) 



J/ψ RdAu vs. pT  (all centrality)  

PRC 87, 034904 (2013) 

RdAu rises out to pT~5 GeV/c at all rapidities.	

	

RdAu trend is different at backward rapidity.	

	

Calculations from Ferrerio et al. : Shadowing + 
σbr model (no Cronin) does not match the 
qualitative trend. (arXiv1201.5574)	

	

Model by Kopeliovich et al. includes Cronin and 
σbr prediction, qualitatively matches the pT shape.	

(Nucl. Phys. A 864, 203 (2011)) 
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rection factor was small (k < 1.03), and an uncertainty
in the correction factor based on the fit uncertainty is
included in the Type B uncertainties shown in Table IV.
For a more detailed description of this procedure, includ-
ing the fit results and the calculated values of k see Ap-
pendix A.

The ⟨p2T ⟩ for p+p collisions was previously published in
[15]. But we report the result here with the effect of the
J/ψ polarization on the acceptance removed. The results
are in good agreement with those presented in [15], and
are shown in Table IV.

Figure 8 shows ∆⟨p2T ⟩ = ⟨p2T ⟩dAu−⟨p2T ⟩pp as a function
ofNcoll. There is a broadening in the pT distribution with
respect to p+p, which increases with Ncoll, and is similar
at forward and backward rapidities. We observe a larger
increase in the pT broadening at midrapidity. However,
the significance of this observation is limited due to the
relatively large uncertainties present in the data.
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FIG. 8: (Color Online) The difference between the J/ψ ⟨p2T ⟩
in d+Au and p+p collisions as a function of Ncoll in d+Au
collisions. The boxes drawn at ∆⟨p2T ⟩ = 0 represent the com-
bined statistical and systematic uncertainties from the p+p
calculation.

VI. THE J/ψ RdAu

To quantify the d+Au cold nuclear matter effects, the
J/ψ RdAu is calculated for a given pT , y, and centrality
bin as:

RdAu(i) =
c

⟨Ncoll(i)⟩
d2Nd+Au

J/ψ (i)/dydpT

d2Np+p
J/ψ /dydpT

, (11)

where d2Nd+Au
J/ψ (i)/dydpT is the d+Au invariant yield for

the ith centrality bin, d2Np+p
J/ψ /dydpT is the p+p invariant

yield for the same pT and y bin, and ⟨Ncoll(i)⟩ is the av-
erage number of binary collisions for the given centrality
bin, as listed in Table I.
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FIG. 9: (Color Online) J/ψ nuclear modification factor, RdAu,
as a function of pT for (a) backward rapidity, (b) midrapidity,
and (c) forward rapidity 0–100% centrality integrated d+Au
collisions. Curves are model calculations detailed in Sec. VIA.

The 0–100% centrality integrated J/ψ RdAu as a func-
tion of pT is shown in Fig. 9 for each of the three ra-
pidity regions. The numerical values can be found in
Table VII, VIII, and IX for backward, mid and forward
rapidity, respectively. Figure 9 shows a different behav-
ior for RdAu at backward (−2.2 < y < −1.2) as opposed
to mid (|y| < 0.35) and forward (1.2 < y < 2.2) rapidi-
ties. At backward rapidity, the RdAu is suppressed only
at the lowest pT , with a rapid increase to RdAu = 1.0 at
pT ≈ 1.5 GeV/c . The mid and forward rapidity data,
on the other hand, exhibit a similar level of suppression
at the lowest pT , but a much more gradual increase in
RdAu with pT , increasing to RdAu = 1.0 only at pT ≈ 4.0
GeV/c . Figure 10 shows the same 0–100% RdAu vs pT
at all rapidities overlaid. It is striking that the shape and
absolute scale for the mid and forward rapidity data is
nearly consistent across the entire pT range of the data.

Due to the statistical limitations of the data at high
pT , it is unclear from Fig. 9 whether the RdAu increases
significantly above one. To investigate the high-pT be-
havior of the RdAu at each rapidity, the average RdAu

was calculated for pT > 4 GeV/c by fitting each distri-
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rection factor was small (k < 1.03), and an uncertainty
in the correction factor based on the fit uncertainty is
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FIG. 9: (Color Online) J/ψ nuclear modification factor, RdAu,
as a function of pT for (a) backward rapidity, (b) midrapidity,
and (c) forward rapidity 0–100% centrality integrated d+Au
collisions. Curves are model calculations detailed in Sec. VIA.

The 0–100% centrality integrated J/ψ RdAu as a func-
tion of pT is shown in Fig. 9 for each of the three ra-
pidity regions. The numerical values can be found in
Table VII, VIII, and IX for backward, mid and forward
rapidity, respectively. Figure 9 shows a different behav-
ior for RdAu at backward (−2.2 < y < −1.2) as opposed
to mid (|y| < 0.35) and forward (1.2 < y < 2.2) rapidi-
ties. At backward rapidity, the RdAu is suppressed only
at the lowest pT , with a rapid increase to RdAu = 1.0 at
pT ≈ 1.5 GeV/c . The mid and forward rapidity data,
on the other hand, exhibit a similar level of suppression
at the lowest pT , but a much more gradual increase in
RdAu with pT , increasing to RdAu = 1.0 only at pT ≈ 4.0
GeV/c . Figure 10 shows the same 0–100% RdAu vs pT
at all rapidities overlaid. It is striking that the shape and
absolute scale for the mid and forward rapidity data is
nearly consistent across the entire pT range of the data.

Due to the statistical limitations of the data at high
pT , it is unclear from Fig. 9 whether the RdAu increases
significantly above one. To investigate the high-pT be-
havior of the RdAu at each rapidity, the average RdAu

was calculated for pT > 4 GeV/c by fitting each distri-
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rection factor was small (k < 1.03), and an uncertainty
in the correction factor based on the fit uncertainty is
included in the Type B uncertainties shown in Table IV.
For a more detailed description of this procedure, includ-
ing the fit results and the calculated values of k see Ap-
pendix A.

The ⟨p2T ⟩ for p+p collisions was previously published in
[15]. But we report the result here with the effect of the
J/ψ polarization on the acceptance removed. The results
are in good agreement with those presented in [15], and
are shown in Table IV.

Figure 8 shows ∆⟨p2T ⟩ = ⟨p2T ⟩dAu−⟨p2T ⟩pp as a function
ofNcoll. There is a broadening in the pT distribution with
respect to p+p, which increases with Ncoll, and is similar
at forward and backward rapidities. We observe a larger
increase in the pT broadening at midrapidity. However,
the significance of this observation is limited due to the
relatively large uncertainties present in the data.
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VI. THE J/ψ RdAu

To quantify the d+Au cold nuclear matter effects, the
J/ψ RdAu is calculated for a given pT , y, and centrality
bin as:

RdAu(i) =
c

⟨Ncoll(i)⟩
d2Nd+Au

J/ψ (i)/dydpT

d2Np+p
J/ψ /dydpT

, (11)

where d2Nd+Au
J/ψ (i)/dydpT is the d+Au invariant yield for

the ith centrality bin, d2Np+p
J/ψ /dydpT is the p+p invariant

yield for the same pT and y bin, and ⟨Ncoll(i)⟩ is the av-
erage number of binary collisions for the given centrality
bin, as listed in Table I.
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ior for RdAu at backward (−2.2 < y < −1.2) as opposed
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at the lowest pT , with a rapid increase to RdAu = 1.0 at
pT ≈ 1.5 GeV/c . The mid and forward rapidity data,
on the other hand, exhibit a similar level of suppression
at the lowest pT , but a much more gradual increase in
RdAu with pT , increasing to RdAu = 1.0 only at pT ≈ 4.0
GeV/c . Figure 10 shows the same 0–100% RdAu vs pT
at all rapidities overlaid. It is striking that the shape and
absolute scale for the mid and forward rapidity data is
nearly consistent across the entire pT range of the data.

Due to the statistical limitations of the data at high
pT , it is unclear from Fig. 9 whether the RdAu increases
significantly above one. To investigate the high-pT be-
havior of the RdAu at each rapidity, the average RdAu

was calculated for pT > 4 GeV/c by fitting each distri-
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J/ψ RdAu vs pT (centrality	  bins)	  

Stronger modification in central. RdAu ~1 for 
peripheral collisions within uncertainties. 
 
Calculations from Ferrerio et al. with two different 
PDFs shows a flat pT dependence (without Cronin). 
Strong disagree in central collisions. 

PRC 87, 034904 (2013) 9 

0-20%	


60-88%	




Systema6c	  study	  of σabs  

10 

A very insightful shadowing corrected 
effective absorption cross-sections study: 
 
Ø  After cc formation, the precursor pair 

expands as it crosses nucleus.  
 
Ø  Nuclear crossing time τ, vary strongly 

with rapidity. 
 
Ø  A break-up only makes sense if on 

time scale larger than the cc formation 
time. 

Ø  A nice trend above τ > 0.05 fm. 

Ø  τ<0.05 fm,  break-up does not make 
sense – too short time. Some other 
physics involved. 

McGlinchey et al.	

PRC87 (2013) 5, 054910 	


Caveat: 
Shadowing and σabs	  are only 
considered. 



ψ’ RdAu  

Strong suppression of	  ψ’	  with increasing Ncoll 
at the mid-rapidity. 
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|y|<0.35	


|y|<0.35	


PRL 111, 202301 (2013)	


Very unexpected results!! 



Nuclear	  crossing	  6me	  

12 

After ccbar formation, the pair expands as it crosses nucleus. Break-up makes sense 
ONLY on time scales larger than charm pair formation time. 
Formation time ~ 0.15fm 
Nuclear crossing time ~0.05 fm at RHIC at midrapidity 
Precursor crosses nucleus before final state forms! ψ’ / J/ψ ratio should be ~1 

Suppression outside the nucleus? 
Small QGP? Or co-movers? 

PRL 111, 202301 (2013)	




Confirmed	  by	  LHC	  
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Similar affect seen at ALICE experiment. 
 
Even a smaller nuclear crossing time at LHC. 

arXiv:1405.3796 



Hot matter effects in p(d)+A 
Ø  Strong evidence of collective behavior in p(d)+A collisions 

both from RHIC and LHC. 
Ø  Looks like hydrodynamic expansion of a small hot-spot. 
Ø  Does it effect hard probes? 
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Sanity	  check:	  Open	  vs	  closed	  charm	  
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Caveat: Different kinematics 
 
Same gluon-shadowing, energy loss and Cronin. 
A significant J/ψ break-up at backward rapidity. 
 
..But.. HF enhancement at backward and mid 
rapidity are due to final state interaction? 



Hydrodynamic	  behavior?	  
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Possible radial flow? 
 
Still a open question: p(d)+A 
collisions produce mini-QGP? 
 
If its true, how does that feed back 
to our understanding of A+A 
collisions? 
 
Lots of interesting results coming 
out of LHC and RHIC. Moving 
forward to a broader 
understanding. 
 

A. Sickles 
Phys.Lett. B 731 (2014) 51-56  

PHENIX data	




Cu+Au (new geometry) 
Interplay between hot and cold nuclear 

matter effects 
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Cu+Au	  (new	  Geometry)	  
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Au going 	
Cu going 	


arXiv:1404.1873 
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Higher suppression in region of lower particle 
density. Similar to d+Au collisions.	

	

Hot nuclear matter effect would have effected 
the other way.	


PRC73 (2006) 014906 	

Cuà	




Cu-‐going-‐side/Au-‐going-‐side	  

Au	


Cu	


1.2<y<2.2 
     <x2> 

-2.2<y<-1.2 
     <x1> 

1.2<y<2.2 
     <x2> 

-2.2<y<-1.2 
     <x1> 

	

	

	

	

	

	
	

	

	

	

	

	


Cu-going direction: 
     low-x partons in Au nucleus * high-x partons in the Cu nucleus 

Au-going direction : 
        low-x partons in Cu nucleus * high-x partons in Au nucleus  
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arXiv:1404.1873 

A shadowing model explains the data well	
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Future	  of	  	  quarkonia	  at	  PHENIX	  

Coming soon in 2015 
p+Si, p+Cu and p+Au at RHIC 
Saga continues..  

Long term plan: sPHENIX 

arXiv:1207.6378 
20 

Today is special: Start of He3+Au run at RHIC 



Summary	  
v  PHENIX measured quarkonia in a wide range of  kinematic ranges in d+Au 

and Cu+Au collisions to understand CNM effects. 
 
v  CNM effects at forward and backward rapidity reflects different 

mechanisms, depending on nuclear crossing time.  

v  The magnitude and trend of ψ(2s) suppression in nuclear collisions is quite 
different from J/ψ. Nuclear crossing time does not explain the data. 

v  In Cu+Au collision, the Cu going side is more suppressed than Au going 
side due to CNM effects, sensitive to the low x of the Au nuclei. 

v  New dataset in near future: He3+Au, p+Si, p+Cu and p+Au will shed more 
light on CNM effects.  
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v  BACK-UPS 
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Hot Medium effects 

Different states have 
different binding energies.	

	

Loosely bound states melt 
first!	

	

Sequential suppression of 
individual states provides a 
“thermometer” of the QGP	
H
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Matsui & Satz	

PLB 178, 
416(1986)	
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J/ψ RAA in A+A collisions 

PHENIX: √sNN=200 GeV 
NA50, NA60: √sNN~17.2 GeV 
NA38: √sNN~20 GeV 

PRC 84, 054912 (2011) 

An overview of RAA 
measurements from 
17-200GeV	


A admixture of hot and 
cold nuclear effects 
which depends strongly 
on energy and rapidity.	


NOT very instructive about the energy dependence pattern 	
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	  Absorp6on	  energy	  dependence	  

JHEP 0902:014 (2009) 

A systematic analysis at y~0 using 
EKS98 + σabs showed a clear 
collision energy dependence of  
σabs.  

• At low energy: the heavy system 
undergoes successive interactions with 
nucleons in its path and has to survive 
all of them => Strong nuclear 
absorption 
• At high energy: the coherence 
length is large and the projectile 
interacts with the nucleus as a whole 
=> Smaller nuclear absorption 

• Usual parameterisation: 
(Glauber model) 

Energy dependence 

Sabs	  =	  exp(-‐ρ σabs	  L	  )	  
break-‐up	  cross	  sec4on	  
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χc   in d+Au 

Charmonium	  RdAu	  	  
seems	  to	  depend	  on	  	  
binding	  energy.	  
BeBer	  χc	  measurement	  
is	  needed	  though.	  

26 



ψ’ / J/ψ ratio should be unity when the time in nucleus < 
formation time.	

Curve is a model calculation based on NA50 and E866 
data.	

- New PHENIX data is completely at odds with this 
picture	

	


J/ψ or ψ’	


c
c 

Nuclear crossing time	


The relative modification scales well with charged particle multiplicity	
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Why	  p(d)+A	  collisions?	  

p+p measurements A+A measurements d+A measurements 

Baseline	
    probe CNM effects probe HNM+CNM effects 
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A very exciting time to talk about p(d)+A collisions 

QM 2012 
Not enough particles to 
have collective behavior, 
control experiment  

QM 2014 
Are we sure? 


